A simple weakly compressible discrete vortex Large Structure Model (LSM) to predict dynamic evolution of the subsonic compressible two-dimensional shear layer is presented. It was shown that LSM code correctly predicts the shear layer growth rate and structure evolution, as well as spectral content and amplitude of optical distortions imposed by the shear layer on the passing laser beam. Due to small number of vortices required to represent the shear layer dynamics, computational times are very short. Also, the model was successfully extended to predict optical aberrations in flows over rectangular cavities. This model was developed as an engineering tool to quickly estimate dynamical optical distortions from shear layers. 
I. Introduction
The presence of large-scale vortical structures in a compressible transonic shear layer is well established and has been thoroughly investigated, see, for instance Ref. 1 and references therein. These vortical structures are shown to create low-pressure drops to balance the centrifugal forces and, consequently create regions of lower density and index of refraction inside of the structures 2 . From an aero-optical point of view, these high-frequency aberrations are very destructive to a laser beam passing through the shear layer, leading to dispersing of the laser beam energy away from a target 3, 4 . These structures impose a great challenge on the adaptive optics corrections because of their high levels of optical aberrations and corresponding high frequency bandwidths (Ref.
and references therein).
It is well known that the main mechanism for creating vortical structures in a shear layer is a Kelvin-Helmholtz inviscid, inflectional instability of the mean velocity profile for a fairly broad range of frequencies 1, 6 . The main dynamical mechanism to develop vortical structures is as following 7 : All of these unstable frequencies go through an exponential growth, although with different growth rates. The harmonic with the highest growth rate, called a fundamental harmonic eventually outgrows all other harmonics and leads to an appearance of AIAA-2006-0078 Page 2 of 11 American Institute of Aeronautics and Astronautics 2 two-dimensional spanwise vortical structures in the shear layer some distance x roll downstream, x roll ~ 3Λ = 3 U c /F. Here U c is the shear layer convective speed, Λ is the fundamental wavelength and F is the fundamental frequency; the latter is related to the initial shear layer momentum thickness, θ 0 , as θ 0 F/U c = 0.032. Structures go through a series of pairing scenarios further downstream due to the Biot-Savart interaction, when two or more neighboring structures merge and a stronger vortical structure appears as a result. These structures continue to pair and merge downstream, thus the shear layer growth increases downstream. An example of a vorticity field in a 2-D transonic shear layer computed using a Weakly Compressible Discrete Vortex Model (DVM) 2, 5 , is given in Figure 1 . In this example, the vortical structure appears around 0.2 m and the first and the second pairing can be observed at x = 0.53 and 0.74 m, consequently. Some average quantities predicted by DVM code are presented in Figure 2 . Of course, three-dimensional effects will eventually break down the spanwise vortical structure, which further complicates this already rich 2-D shear layer dynamics.
To re-iterate, the 2-D shear layer exhibits the following dynamical features: (a) A compact vortical structure appears some distance downstream from the beginning of the shear layer. (b) These structures go through subsequent series of pairing and merging events further downstream. (c) An average structure size grows linearly downstream because of sequence of pairing events. Direct numerical or any other large-eddy-based simulations of the turbulent shear layer for high Reynolds numbers and transonic Mach numbers require an significant amount of computational resources. Even the inherently 2-D,inviscid DVM 2,5 uses many thousands of vortices to model the dynamics of the shear layer and it still takes hours to compute the shear layer dynamics on a regular PC. Therefore, there is a need to create a very simple structure-based semi-empirical shear layer model which captures essential shear layer features and allows to correctly predict statistical properties of the shear layer, like mean velocity and turbulent profiles and a growth rate and to create instantaneous velocity and related density field realizations, yet can be run quickly on any computer. Furthermore, the model should simulate realistic time series of different pairing events in the shear layer. This model could be a very useful engineering tool when someone needs to quickly estimate shear layer scales and spatialtemporal characteristics of optical aberrations imposed on a laser beam while designing an adaptive optics control strategy, for instance. 
II. Large-Structure Model
The Discrete Vortex approach 8, 9 is a Langangian-based, grid-free model which approximates a shear layer as a number of free-moving solid core vortices which interact with each other via the Biot-Savart induction. For details in DV basics and further developments the reader is referred to Refs. 2, 8, 9 and 10. DV approach correctly predicts all essential, both mean and instantaneous, features of the two-dimensional shear layers like the shear layer growth rate, velocity profiles, turbulence intensity, structure size and dynamics. It makes DV modeling an attractive code for predicting shear layer dynamics.
The presented model is a further simplification of DV approach. Instead of representing shear layer structures with a large number of small vortices (which does allow predicting the correct structure shape and the paring mechanism), a simple Large Structure Model (LSM) models each vortical structure as a single round vortex with a fixed size. It allows to drastically dropping number of vortices in the computational domain to represent the shear layer dynamics, thus significantly decreasing computational times to run the code, while still resolving the essential behavior of the shear layer.
Referring to the shear layer dynamics discussion presented above, LSM models the shear layer as a small number of round vortices appearing in quasi-periodic fashion with an initial circulation Γ 0 = (Uupper-Ulower) Λ and size a 0 = 0.3 Λ at the roll-up location x roll and let them freely convect downstream and interact with each other. Uupper and Ulower are the high and the low speeds on both sides of the shear layer. Since the structure shape is now fixed, the vortex pairing and merging is parametrically modeled via a simplified mechanism outlined below. The mean velocity field U(x,y) is one of the input parameters and should be provided from either experiment or numerical calculations.
The following simplifications and assumptions were used in this model:
1. Each vortex is located at (xj, yj) and has a finite round core of radius aj and a strength Γj ( Figure 3 ) with an exponential vorticity distribution ; the azimuthal velocity profile defined as The α-parameter is introduced to adjust the pairing speed and therefore to control the shear layer growth rate. 3. To model the pairing and merging process, the vortex size grows depending on the x-distance to the closest vortex (labeled near),
where the tilde denotes the original vortex size before the pairing. 4. Merging happens when the x-distance between vortices becomes less than 0.1 of the vortex radius and merging vortices are replaced with one vortex with the combined strength of participating vortices and proper radius placed at the "center-of-mass". 5. The initial "no-structure" region ( Figure 3 ) is represented as a number of fixed vortices with proper strengths to represent the initial shear layer thickness. 7. To eliminate the "jerkiness" in the velocity field when the vortex leaves the computational region, the buffer region is introduced between x_buffer and x1, see Figure 3 , to smoothly blend the outgoing vortex into the semi-infinite vortical sheet. where (U,V) semi-inf is velocity field from both upstream and downstream semi-infinite vortex sheets.
LSM has the following input parameters: Uupper, Ulower -velocities above and below the shear layer. U(x,y) -the mean velocity profile. F -the fundamental frequency based on the initial momentum thickness. Λ = Uc/F -initial structure spacing based on the fundamental frequency the mean convective speed Uc=0.5*(Upper+Ulower). Γ 0 , a 0 -the initial structure circulation and size. x roll -location of the first roll-up. x_buffer -beginning of the buffer region. xend -the end f the computational domain. x1 -beginning of the semi-infinite vortex sheet extending to + infinity. α -parameter responsible for the shear layer growth rate. s -level of randomness in the initial structure spacing.
Knowing the velocity field at any given time, the pressure p and the temperature T fields can be estimated, using an adiabatic approximation Note that the pressure equation in (5) needs the density field ρ to be resolved. Thus, an iterative procedure was used to solve these equations:
1. An initial uniform pressure field was assumed, p (0) (x,y) = p 0 . 2. Initial temperature and density fields were calculated, T (0) (x,y) and ρ (0) (x,y). 3. The initial density field ρ (0) was used to compute a next approximation of the pressure field p (1) . 4. Steps 2 and 3 were repeated several times until the converged solution is found.
Knowing the density field, Optical Path Differences, OPDs are calculated using the Gladstone-Dale constant by integrating along lines normal to the shear layer,
Note that OPD is defined slightly differently to satisfy OPD(x = 0,t) = 0.
III. Results

A. Free Shear Layer
In order to compare LSM code with the DVM code 5 , and the experimental data 11, 12 , the LSM-code was used with following input parameters: Uupper = 261. Since vortex interactions were greatly simplified in the system (2), the α-parameter must be tuned to match experimental data. The code predictions for the shear layer growth with different α-parameters are presented in causing the shear layer to expand slower downstream. It was found that α = 0.7 provides the correct shear layer growth of dδ ω /dx = 0.138, observed in experiments 13 , as well as predicted by the DVM-code 5 . Figure 5 . Two realizations of Vorticity and pressure fields and OPD(x,t) from LSM code.
Once the proper value of the α-parameter was found, the code was run for 2000 time steps and velocity, vorticity, pressure and OPDs were calculated at every time step as it was described before. Figure 5 presents two output realizations from LSM-code based on the mean velocity field, computed using DVM simulations 5 . The initial "no structure" region is present up to approximately 0.2 meters; by the end of this region round vortices are allowed to convect freely downstream and interact with each other as it was described before. Pairing processes can be clearly observed in these representative vorticity fields. Pressure fields have well defined drops or "wells" inside of vortices (marked as blue regions in Figure 5 ) as a result of balancing centrifugal forces inside vortical structures 2 . Also, it is interesting to note pressure peaks in between structures (red regions in Figure 5 ), for instance at x = 0.5 m in the left plot in Figure 5 . They represent stagnations regions between structures, where mutual effects of neighboring vortices cancel each other and the flow moves with the convective speed U c . Consequently, OPDs are lower when integrated through vortical structures and higher when integrated in between structures; see OPD results in Figure 5 .
Several average quantities: mean U, turbulent kinetic energy, shear layer vorticity thickness and temporal variation of OPD, OPD rms , are presented in Figure 6 . Comparisons with DVM code 5 and experimental data 11 are also presented. From the vorticity thickness plot ( Figure 6 , the lower left plot) one can see that the LSM code, after a proper tuning predicts the correct initial thickness and the proper growth rate, as well as pairing and merging processes. Since LSM code resolves large structures only, it underpredicts the total turbulent kinetic energy, compared with DVM predictions (upper right plots in Figures 2 and 6 ). Comparison with experimental data 11 shows the correct predictions in streamwise variations of OPD rms both in amplitude and trend, see lower right plot in Figure  6 . Note that the presence of the buffer region beyond x_buffer = 0.8 m causes all quantities to decrease, since vortex strengths in the buffer region were artificially decreased to be blended into the downstream semi-infinite vortical sheet at x1 = 1.2 m. Finally, temporal power spectral densities were computed from OPD(x,t) and compared with both DVM-code and experimental results. LSM-code correctly predicts the streamwise evolution of spectra, both in shape and the location of the main peak. The narrow peak at 2.5 kHz at x = 0.2 m corresponds to the fundamental frequency F. Thicker tails in experimental data, middle plot in Figure 7 , are thought to be attributed to the presence of boundary layers on the tunnel walls 11 . 
B. Cavity Flow
The shear layer is also present over a rectangular cavity, but its evolution is modified by a presence of a strong feedback [14] [15] [16] as follows: the shear layer develops large-structures through the inflection velocity profile instability; they convect downstream and impinge on the back wall of the cavity. It creates strong acoustical waves which travel upstream inside the cavity and impose disturbances on the initial region of the shear layer, thus completing the feedback. This mechanism leads to a creation of Rossiter modes 17 in the cavity with modal frequencies f n given as
where n is the modal number, L is the cavity length, and are freestream speed and Mach number, respectively, k is the ratio between the shear layer convective speed and the freestream speed (k is typically 0.5..0.6) and β = 0.25 is an empirical constant. Since the Large-Structure Model properly predicts most of the essential physics of a free shear layer, one can try to predict the shear layer development in a cavity. Instead of working with solid boundaries and modeling the impingement process on the back wall, a simple feedback was used as follows: Figure 9 . Back pressure spectra for natural shear layer and three cavity lengths.
Corresponding OPD spatial-temporal evolutions are presented in Figure 10 . They also show that the presence of the feedback does modify the natural shear layer evolution, presented in Figure 10 , upper left plot. Large-scale structures with corresponding pressure drops (blue regions in Figure 10 ) and consequential changes in OPD are clearly visible. The enhanced feedback forces structures to form earlier and grow faster. The cavity length sets different modes to be dominant in the shear layer. The mode switching can be seen, for instance for the L=0.24 m case ( Figure 10 , upper right plot) where the second Rossiter mode was dominant up to 0.05 sec, followed by the dominance of the first Rossiter mode after 0.05 seconds. Cavity enhances low-frequency, large structures in the shear layer, thus creating quite strong optical distortions on the laser beam when propagating through of the cavity. Streamwise dependence of OPD rms for all cases are shown in Figure 11 . Indeed, OPD rms grow faster in the beginning of the cavity and are higher for all feedback cases, compared with the natural case. Since the simple feedback is imposed at the end of the cavity x p = L, it does not effect the shear layer growth downstream of this location. Thus, the shear layer switches back to the natural shear layer evolution beyond x p = L and OPD rms grows at a lower rate than upstream of x p = L, which is clearly visible in Figure 11 . Figure 11 . OPD rms for natural and cavity shear layers.
C. Incorporating the LSM code into an aero optical test simulator
The OPD computations available from the LSM codes are currently being incorporated into an aero optical test simulator (AOTS) code 19 that was developed to augment aero optical testing and data interpretation. The AOTS code simulates complex aero optical effects by distributing time varying phase screens over a volume in space, each of which represents individual turbulent layers, and then propagating a wavefront through all of the phase screens. Each phase screen is derived by an appropriate turbulence/aero optical model designed to mimic a specific type of turbulence. The LSM code provides all of the information needed to produce phase screens that represent twodimensional, subsonic, compressible shear layers, adding an extremely useful feature to the capability of the AOTS code.
IV. Conclusions
The simple Large Structure Model (LSM) was developed to quickly estimate optical aberrations caused by the subsonic compressible two-dimensional shear layers. It models each vortical structure as a round vortex with predetermined size and azimuthal velocity profile. Pairing and merging processes are parametrically modeled to further simplify vortical structures' interaction. As vortices are kept round throughout their evolutions, an inner shear layer vortical structure is not resolved. Since only few large vortical structures are present at any moment of time in the computational region, it greatly expedites computational times to solve model's governing equations (2) . The model was intensively tested and it was found to correctly predict mean flow quantities and spatial-temporal characteristics of optical distortions caused by a shear layer. Finally, an addition of a simple physical feedback into the model allows to correctly predicting the appearance and evolution of Rossiter modes in rectangular cavities.
The small number of equation in LSM needed to solve to model shear layers makes it a really attractive engineering tool. Although it does not resolve fine details of shear layer vortical structures, it does indeed correctly predicts the essential dynamics of 2-D shear layers, both natural and cavity-based ones, including correct level of optical aberrations. Currently this model is been incorporated into a commercially available optical test simulator to predict far-field patterns and estimate requirements for adaptive optical systems for shear-layer dominant flows.
